A new mirroring resonators (MRR) based on 6x6 multimode interference (MMI) couplers for multichannel and highly sensitive chemical and biological sensors is proposed in this paper. The proposed sensor structure has advantages of compactness, high sensitivity compared with the reported sensing structures. By using the transfer matrix method (TMM) and numerical simulations, the designs of the sensor based on silicon nanowires are optimized and demonstrated in detail.
I. INTRODUCTION
Current approaches to the real time analysis of chemical and biological sensing applications utilize systematic approaches such as mass spectrometry for detection. Such systems are expensive, heavy and cannot monolithically integrated in one single chip [1] . Electronic sensors use metallic probes which produces electro magnetic noise, which can disturb the electro magnetic field being measured. This can be avoided in the case of using optical sensors. Optical sensors are very attractive due to their advantages of high sensitivity and ultra-wide bandwidth.
A large class of optical sensors based on optical fibre and waveguides uses evanescent wave to monitor the presence of the analyte in the environment. Detection can be made by the optical absorption of the analytes, optic spectroscopy or the refractive index change [1] . The two former methods can be directly obtained by measuring optical intensity. The third method is to monitor various chemical and biological systems via sensing of the change in refractive index [2] . Optical waveguide devices can perform as refractive index sensors particularly when the analyte becomes a physical part of the device, such as waveguide cladding. In this case, the evanescent portion of the guided mode within the cladding will overlap and interact with the analyte. The measurement of the refractive index change of the guided mode of the optical waveguides requires a special structure to convert the refractive index change into detectable signals. A number of refractive index sensors based on optical waveguide structures have been reported, including Bragg grating sensors, directional coupler sensors, Mach-Zehnder interferometer (MZI) sensors, microring resonator sensors and surface plasmon resonance sensors [1] [2] [3] [4] [5] . Manuscript Recently, the use of optical microring resonators as sensors [4] is becoming one of the most attractive candidates for optical sensing applications because of its ultra-compact size and easy to realize an array of sensors with a large scale integration [6] . When detecting target chemicals by using microring resonator sensors, one can use a certain chemical binding on the surface. There are two ways to measure the presence of the target chemicals. One is to measure the shift of the resonant wavelength and the other is to measure the optical intensity with a fixed wavelength.
In the literature, some highly sensitive resonator sensors based on polymer microring and disk resonators have been developed. However, not much work on microring resonator sensors based on silicon nanowires [7, 8] , which have ultra-small bends due to the high refractive index contrast and are compatible with the existing CMOS fabrication technologies. This has attracted much attention for realizing ultra-compact and cheap optical sensors. In addition, the reported sensors can be capable of determining only one chemical or biological element. Also, the sensing structures based on one microring resonator or Mach Zender interferometer can provide small sensitivity. Therefore, in this paper, we focus on achieving a high sensitivity to the change of ambient refractive index by using a novel sensor structure based on multimode interference (MMI) coupler assisted microring resonators. The proposed sensors provide very high sensitivity compared with the conventional MZI sensors. In addition, it can measure three different and independent target chemicals and biological elements simultaneously.
Our research is differentiated from prior works in the way that our design is to employ multimode interference (MMI) couplers [9] as coupling elements instead of using directional couplers in microring resonators. MMI couplers have shown to have relaxed fabrication requirements, simplicity, and compactness and are less sensitive to the wavelength. The design of the proposed sensors will use silicon nanowire waveguides in order to take the advantages of the CMOS fabrication technologies [10] . The analytical description of output spectrum response of the proposed sensor is analyzed and derived. The transfer matrix method (TMM) [11] and beam propagation method (BPM) [12] are used to optimally design the sensor structure.
II. SENSOR DESIGN

A. Conventional Sensors Based on MZI Structure
It is shown that conventional MZI configuration can be used as a refractive index sensor [1] . The conventional MZI
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Trung-Thanh Le sensor configuration is shown in Fig. 1 . It consists of two waveguides lied between two 3dB directional couplers. A window in the upper cladding isolation layer over one arm of the MZI is opened to create an active sensing region of length a L , in which the evanescent tail of the waveguide mode may interact with an analyte. The other arm of the MZI is optically isolated from the analyte and serves as a reference arm. The relative phase shift Δϕ between two MZI arms and the optical power transmitted through the MZI can be made a function of the environmental refractive index, via the modal effective index eff n . The transmission at the bar port of the MZI structure can be given by [ (4) where a E (x, y) is the transverse field profile of the optical mode within the sensing region, calculated assuming a dielectric material with index c n occupies the appropriate part of the cross-section. The integral in the numerator is carried out over the fraction of the waveguide cross-section occupied by the analyte and the integral in the denominator is carried out over the whole cross-section.
For sensing applications, sensor should have steeper slopes on the transmission and phase shift curve for higher sensitivity. From (2), (3) and (4), one can see that the sensitivity of the MZI sensor is maximized at phase shift 2 π Δϕ = . Therefore, the sensitivity of the MZI sensor can be enhanced by increasing the sensing window length a L or increasing the waveguide sensitivity factor eff ,a c n n ∂ ∂ , which can be obtained by properly designing optical waveguide structure. In this design, we propose a new sensor structure based on microring resonators for very high sensitive and multi-channel sensing applications.
B. Realization of Novel Sensors Based on 6x6 MMI Structures
The proposed sensor based on 6x6 multimode interference and microring resonator structures is shown in Fig. 2 The operation of optical MMI coupler is based on the self-imaging principle [13] . Self-imaging is a property of a multimode waveguide by which as an input field is reproduced in single or multiple images at periodic intervals along the propagation direction of the waveguide. The central structure of the MMI filter is formed by a waveguide designed to support a large number of modes. In the MMI section, the 2-D scalar Helmholtz wave equation is defined as , where π L is the beat length of the MMI coupler, 1 2 L π π β β = − ; the MMI coupler is characterized by a transfer matrix M. We can prove that the overall transfer matrix S of both the MMI coupler and combiner in Fig. 2 is expressed by 
Relations between the complex amplitudes 1 2 6 a a a , ,..., at the input ports and 1 2 6 d , d ,..., d at the output ports can be expressed in terms of the transfer matrices of the 3dB MMI couplers and the phase shifters as follows Δϕ are the phase differences between two arms of the MZI, respectively. One can prove that the normalized optical powers transmitted through the proposed sensor at wavelengths on resonance with the microring resonators are given by
Here 1 S , S and S . This means that the proposed sensor is able to monitor four target chemicals simultaneously. Their sensitivities can be expressed by: Fig. 3 compares the normalized transmission for the proposed sensor with 1 0.99 and 0.90 α = to that for the conventional MZI, as functions of the total relative phase Δϕ . Given that the sensitivity is linearly proportional to the slope International Journal of Information and Electronics Engineering, Vol. 1, No. 3, November 2011 of the power transfer characteristics. Fig. 3 shows that the proposed sensor should have a higher sensitivity to a change in the refractive index of the analyte than the conventional MZI, when biased for operation with the region of large slope near 1 0 Δϕ = .
From (2) and (16), the ratio of the sensitivities of the proposed sensor and the conventional MZI sensor can be numerically evaluated. The sensitivity enhancement factor 1 MZI S / S can be calculated for values of 1 α between 0 and 1 is plotted in Fig. 4 . For 1 0.99 α = , an enhancement factor of approximately 10 is obtained. The similar results can be achieved for other sensing arms. 
III. SIMULATION RESULTS AND DISCUSSION
It is now shown that the proposed sensor can be realized using silicon nanowire waveguides. The cross-section of the waveguide is shown in Fig. 5 [15] . The width of the MMI is MMI W 8.4 m = μ and the core thickness is co h =220nm. The access waveguide is tapered to a width of 0.8 µm to improve device performance. It is assumed that the designs are for the transverse electric (TE) polarization at a central optical wavelength 1550nm λ = . The first 6x6 MMI coupler is now optimized by using the 3D BPM. Fig. 6(a) shows the normalized output powers at the bar and cross ports at different MMI lengths for a signal presented at input port 1 of the MMI coupler. From this simulation result, the optimized length of MMI calculated to be MMI L 273.5 m = μ . The field propagation through the 6x6 MMI coupler at this optimized length is plotted in Fig. 6(b) . are plotted in Fig. 7 . The simulations obviously show that the sensitivity of the proposed sensor is much higher than the sensitivity of the conventional MZI sensor.
It is obvious that the simulation results in Fig. 6 predict accurately our theory expressed by (5) . From (1) International Journal of Information and Electronics Engineering, Vol. 1, No. 3, November 2011 From this simulation, one can see that the effective index eff ,a n increases almost linearly in the change in the refractive index of ambient material, i.e., the waveguide sensitivity factor is almost a constant. Fig. 7 . Sensitivity of the proposed sensor for sensing window S1 and the conventional MZI sensor versus the round trip loss of the first microring resonator.
IV. CONCLUSION
We have presented a novel sensor structure based on 6x6 multimode interference structure and microring resonators. The design of the proposed sensors used silicon waveguides; therefore the sensor has advantages of compatibility with CMOS fabrication technology and compactness. It has been shown that the proposed sensors can provide a very high sensitivity compared with the conventional MZI sensor. In addition, by using 6x6 multimode interference couplers, our sensor structure can detect three separate target chemicals or biological elements simultaneously. The transfer matrix method and the beam propagation method have been used to verify the principle of operation and optimally design the proposed sensor structure.
